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Spin-coating technique is very fast, cheap, reproducible, simple and needs less material to fabricate
films of particulate systems/colloids. Their thickness and uniformity may be controlled by means
of external fields. We apply magnetic fields during the spin-coating of a moderately concentrated
superparamagnetic colloid (made of silica coated magnetite particles). We study the influence of
different magnetic field configurations (homogeneous and inhomogeneous) on the resulting spin-
coated deposits and compare experimental results under various conditions. Superparamagnetic
colloids behave as, non-Newtonian, magnetorheological fluids. Their viscosity vary significantly
under applied magnetic fields. We measure and compare the effect of uniform and non-uniform
magnetic fields on their relative effective viscosity, using the spin-coated deposits and a previously
existing model for simple colloids. The mechanisms involved in the deposits formation under different
experimental conditions are also discussed. In particular, we show that the magnetophoretic effect
plays an important role in the spin-coating of magnetic colloids subjected to non-uniform magnetic
fields. We characterize an effective magnetoviscosity in non-uniform magnetic fields that is largely
influenced by the magnetophoretic effect that enhances the flow of the magnetic fluid.
PACS numbers: 83.85.cg,82.70.Dd,47.65.-d
I. INTRODUCTION
Spin-coating technique has been introduced in colloids
to fabricate thin films and colloidal crystals since long [1–
14]. It is simple, reproducible and requires little material
to get results in a very short time [15]. The thickness
and uniformity of spin-coated films which are important
parameters for their technological applications, depend
on experimental conditions including; the spin time and
speed, the viscosity of fluids, the density and the evap-
oration rate of the fluids, concentration of the suspen-
sion and the substrate surface characteristics. The flow
behavior as a function of the fluid properties in spin-
coating process helps to recognize its strong performance
in applications and has been investigated by many re-
search groups through different models and experiments
[2, 3, 5, 16–21]. Spin-coating of nano-colloids has been
thoroughly explored in the literature for almost a cen-
tury [1]. However, for colloids of bigger particles, exter-
nal fields have been used recently for tunning their effect
which is not yet fully understood [22–25].
The rheological effects of magnetic fields on magnetic
fluids have been studied from mid-twentieth century [26–
28]. One of the most important result is that the viscosity
of a magnetic fluid increases monotonously on applying
a magnetic field, until it reaches a saturation value.
Superparamagnetic particles of typical size ranging
from 100 nm to a few micrometers are prepared by insert-
ing magnetic nanoparticles in a matrix of non-magnetic
material (polystyrene or silica). They show a quasi-zero
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remanent magnetization and high magnetic response [29].
They have many interesting applications in the biomed-
ical field, e.g. drug delivery; to deliver medicines to ar-
teries and veins in the circulatory system of the body,
due to their high magnetic response [30]. To use them
for this kind of applications, superparamagnetic colloids
are first functionalized to capture their specific targets.
Then, magnetic gradient is applied for removing them
from their targets through magnetophoresis [31]. Where,
magnetophoresis defines the motion of magnetic parti-
cles in a magnetic gradient. An magnetic field results
in the formation of superparamagnetic particles chains
along the magnetic field which enhances the process of
separation [32]. As the homogeneous magnetic fields can
not induce a drift velocity in magnetic particles therefore
a magnetic gradient is required for having magnetophore-
sis [29].
The effect of homogeneous external magnetic fields on
the behavior of diluted simple superparamagnetic [22] as
well as hybrid ferromagnetic [25] colloids in spin-coating
have been studied. They observed an increase in the solid
deposits on the substrate with applied magnetic field
as compared to the sparse structures deposits obtained
without applying magnetic fields. Later, they measured
the magnetoviscosity of colloids from the amount of spin-
coated deposits obtained without and with homegeneous
magnetic fields [24, 25], by generalizing a continuum
model [20] to particulate systems. In summary, they
proved that external uniform magnetic fields only affect
the magnetoviscosity (an increase in the viscosity when
a magnetic field is applied [27]) of magnetic colloids, and
that the generalized model holds for diluted magnetic
colloids.
In this article, we use the same previously proved gen-
eralized model for colloids [24, 25], to measure the magne-
2toviscosity as a function of different magnetic field config-
urations in spin-coating. Here, moderately concentrated
suspension of superparamagnetic particles in a volatile
solvent is used. We measure the surface coverage of the
dried deposits obtained without, with uniform and with
non-uniform magnetic fields that are applied during the
spin-coating of the suspension. Firstly, the experimental
setup and methods are described. After, the previously
existing models [20, 24, 25] for simple fluids and colloids
are highlighted. Finally, the results obtained through
spin-coating at various experimental conditions are pre-
sented and discussed. Our results corroborate that spin-
coating technique allows to study magnetorheology in a
very short time using a uniform magnetic field, and that
the increase in effective viscosity of the colloids is the only
effect of the applied magnetic field [24, 25]. However,
when the magnetic field is not uniform, there are other
relevant effects, namely magnetophoretic effect, which
leads to a decrease of the effective viscosity.
II. EXPERIMENTAL METHODS
Experiments are performed in a customized com-
mercial spin-coater (Laurell technologies, WS-650SZ-
6NPP/LITE/OND) at rotation rate of 2000 rpm. The
photograph of the spin-coater provided with Helmholtz
coils is shown in Figure 1A. Sketches of the experimental
setup evidencing applied magnetic field of various con-
figurations obtained by a pair of Helmholtz coils which
are placed in such a way that the substrate spins in the
region of uniform axial (Figures 1B–C) and nonuniform
fields (Figures 1D–E). Different applied magnetic field
configurations are generated by adjusting the orientation
of a fixed electrical current (5 A) in these coils with an
external power supply. Using this experimental setup we
obtain four different configurations of the magnetic field
which are detailed in the table I.
Configuration Symbol Magnetic field (|H|) [kA/m]
Zero-field 0 0
Up Hu 10.145 ± 0.005
Down Hd 10.915 ± 0.005
Outward Ho 0.61 ± 0.26
Inward Hi 0.99 ± 0.16
TABLE I: Various magnetic field configurations, their
symbols and magnitudes, used for performing
spin-coating experiments.
Superparamagnetic particles obtained from microPar-
ticles GmbH, Germany, that consist of silica coated
magnetite of diameter 1.51±0.05 µm (density = 1.6 –
1.8 g/cm3), are used for all experiments. Their magnetic
properties can be found in the Electronic Supplementary
Information of [24]. The particles are dried overnight
and then weighted for preparing suspension of concen-
tration of 12.82 %(v/v) in Methyl Ethyl Ketone (MEK).
The estimated dynamic viscosity of the colloid (at zero-
field) is 55% bigger than the one of the solvent alone
[33]. The suspension is ultrasonicated for fifteen min-
utes before each experiment. The spin-coater is oper-
ated at 2000 rpm and the magnetic field H is applied.
Then, 100 µl of suspension is pipetted onto the spinning
substrate. Once the spun suspension is dried, the field
is turned off. Images of the dried deposits on the sub-
strates are taken with a white light reflection microscope
at 2 mm intervals from the center of spinning. After, we
analyzed one micrograph for each set (H , r), where r is
the distance from the center of spinning.
For all experiments, glass substrates of an approximate
size of 38 x 25 x 1 mm3 are used. First, they are cleaned
in soft basic piranha for forty minutes at 67◦C (piranha
is a mixture of ultra-pure water/ammonia/hydrogen per-
oxide with the ratio of 5:3:1 in volume). Next, they are
rinsed with ultra-pure water. Finally, they are dried by
a filtered air blow.
Figure 2 shows typical micrographs of spin-coated col-
loidal deposits obtained from the experiments performed
at 2000 rpm, without magnetic field (Figure 2A) and with
applied magnetic field of various configurations (Fig-
ure 2B–D) that are sketched in Figure 1B–E, respectively.
As in Figure 2, we see that the deposits from all the ex-
periments are mainly mixtures of mono and bilayers. We
identify the regions with monolayer, bilayer (and occa-
sionally empty space) by using their wavelength depen-
dence for Bragg reflected light [34]. As color information
is useful, for each micrograph (e.g. Figure 3A), we invert
the color field and adjust brightness and contrast (e.g.
Figure 3B), and perform RGB decomposition (where the
relevant channels to our experiment can be seen, e.g., in
Figure 3C–D). Finally, we threshold the images, to char-
acterize the amount of deposit using home-made routines
in Octave, and use it for further analysis, in terms of oc-
cupation factor ε2
i
(area occupied by particles in a specific
layer i divided by the substrate area).
III. THEORETICAL BACKGROUND
A. Model of simple fluids.
A model [20] by Cregan et al., that depends on the
lubrication approximation and uses the matched asymp-
totic expansions technique, provides a much better solu-
tion than the one obtained by Meyerhofer [3] for spin-
coating of simple fluids with evaporation. Among its
assumptions the most important include the following;
it considers the evaporation rate constant, the system is
continuous (i.e. not particulate) and the fluid is Newto-
nian. The thickness (or height) of the final spin-coated
film of Cregan’s model depends on the parameters of the
suspension and on the spin-coating procedure. The re-
sultant equation giving the final deposited film thickness
(h(s)∞ ) by this model is:
3H
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FIG. 1: (A) Photograph of spin-coater including a pair of Helmholtz coils. Reproduced from [24] with permission
from the Royal Society of Chemistry. (B–D) Sketches of experimental setup configurations with magnetic field lines
(HC: Helmholtz coils; S: Substrate, I: Electrical current). The substrate spins in the region of uniform magnetic field
(B and C) and nonuniform magnetic fields (D and E).
FIG. 2: Images of the dried spin-coated deposits on the
substrate at 6 mm distance from the center of spinning.
A) From the experiment performed at zero magnetic
field. (B–D) From the experiments carried out at
different applied magnetic fields; (B): Hu, (C) :Ho and
(D): Hi. The corresponding magnetic fields values are
given in the table I. For all the cases the experimental
conditions are: spinning speed of 2000 rpm,
concentration of the suspension is 12.82 %(v/v), and
the diameters of silica coated magnetite particle are
1.51±0.05 µm. The scale bar is 164 µm
h(s)∞ =
C
1− C
(
3
2
νE
) 1
3
ω−
2
3 , (1)
where, C is the volume fraction, ω is the rotation rate,
ν is the kinematic viscosity of the solvent, and E is the
evaporation rate of solvent.
This model holds also for colloidal systems [24, 25],
once the appropriate adaptations have been taken.
B. Colloids model.
In a colloidal system, the effective local amount of mat-
ter deposited on the substrate depends on the geome-
FIG. 3: A) Micrograph of the spin-coated deposits from
the experiment performed without magnetic field at
6 mm distance from the center of spinning with
spinning rate of 2000 rpm, concentration of the
suspension is 12.82 %(v/v) in MEK, and the diameters
of superparamagnetic particles are 1.51 µm. The scale
bar is 164 µm. B) Color inverted image of (A). C,D)
Relevant channels of RGB decomposition obtained by
using home-made routines in Octave used for further
analysis to obtain CEH.
try of deposited structure and is defined as the compact
equivalent height (CEH), which is the thickness of a con-
tinuous homogeneous layer whose volume is the same as
all the particles deposited. In general, it is obtained from
the product of atomic packing fraction and the Voronoi
cell [35] volume. Shortly, for a colloidal or particulate
system, h(s)∞ of eq. 1 for simple fluids, has to be replaced
by CEH. Hence, eq. 1 for the final colloidal film thickness
becomes:
CEH =
C
1− C
(
3
2
νE
) 1
3
ω−
2
3 , (2)
where in our experiments C = 0.1282 (v/v) and ω = 2000
rpm.
4For each layer i of a colloidal deposit with a particular
structure we can write:
CEHi = K · ε
2
i
, (3)
where K is a constant that comes from the geometry
of the deposited structure and ε2
i
is measured through
imaging techniques, as discussed above. In our case, it
is a good approximation to consider those layers as 2d
hexagonal close packed structure, and thus K = 2pi
3
√
3
·
R, where 2R is the diameter of the colloidal particles.
Here, e.g. in Figure 3B we can see monolayer and bilayer
deposits in different colors, therefore we measure total
CEH as:
CEHtotal ≈ CEH1 +CEH2 (4)
where CEHi is the thickness of a continuous homogeneous
layer whose volume is the same as the particles deposited
on layer i (Figure 4).
CEH1
CEH2
FIG. 4: Sketch for the construction of the compact
equivalent height in colloidal deposits. CEH1 is the
contribution of the first layer particles (solid lines) and
CEH2 is the contribution of the second layer of the
deposit (dashed lines).
C. Magnetorheology by spin-coating.
Pichumani et al.[24] used colloids model and compared
two experiments results obtained in the same conditions,
except for the applied magnetic fields. That comparison
resulted in the ratio of CEH, measured from the experi-
ments performed with and without magnetic fields, using
eq. 2.
The kinematic viscosity ν is the only parameter which
may depend on the applied magnetic field, and we can
take the ratio of eq. 2 when a field is applied over the
same at zero-field. That gives information of the relative
effective viscosity:
ν(H)
ν(H = 0)
=
[
CEH(H)
CEH(H = 0)
]3
. (5)
IV. EXPERIMENTAL RESULTS AND
DISCUSSION
Figure 3C–D are typical images, for a given sample,
that allow to measure ε2
i
, of the dried spin-coated de-
posits at different distances r from the center of rotation.
The particulate nature of the solute requires to translate
the raw measured occupation factors into compact equiv-
alent heights CEHs (using eqs. 3, 4), and their results are
shown in Figures 5 and 6. We obtain Figure 6 by averag-
ing CEH of Figure 5 over r for without and with magnetic
field of different configurations (detailed procedure is ex-
plained elsewhere [36]). In both figures, we see that the
final thickness and the uniformity of deposits depend on
the distance from the center of rotation [19] as well as on
the configuration of applied magnetic fields. For the uni-
form applied magnetic fields (Hu and Hd) we have larger
values of CEH than for the non-uniform magnetic fields
(Ho and Hi).
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FIG. 5: Compact equivalent height (CEH) as a function
of increasing radial distance from the center of spinning.
Squares and circles represent results from the
experiments performed at two different applied
magnetic field configurations (Hu and Ho) respectively
and filled black circles for zero-field. Spinning rate for
all cases is 2000 rpm.
From eq. 5 and Figure 6, we obtain Figure 7. On the
one hand, we can observe a large increase in the mag-
netoviscosity for uniform magnetic fields as compared
to the viscosity at zero-field. On the other hand, for
non-uniform magnetic fields a decrease in the effective
viscosity is observed, also compared to the viscosity at
zero-field. In these configurations (Hi and Ho) there is
a gradient of the magnitude of the magnetic field point-
ing outwards in the radial direction. As a consequence,
there is a magnetic force on each dipole (superparamag-
netic particle) also in that direction. This is part of the
magnetophoretic effect, that leaves less deposits on the
rotating substrate (see Ho curve in figure 5). This can be
regarded as a result of a smaller effective viscosity, which
actually is not related to the true magnetoviscosity of the
system.
V. SUMMARY AND CONCLUDING REMARKS
We report results on the spin-coated deposits of a
moderately concentrated superparamagnetic colloid in
50 2 4 6 8 10 12|H| (kA/m)
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
<
CE
H>
r(µ
m
)
u
o
0
H
i
H
HH
d
FIG. 6: Mean compact equivalent height (CEH)
obtained from spin-coated deposits of
superparamagnetic particles suspension in MEK of
concentration of 12.82% (v/v) (diameters of silica
coated magnetite particles are 1.51 µm) at 2000 rpm
spinning, without and with different applied magnetic
field configurations.
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FIG. 7: Normalized efective magnetoviscosity as a
function of different magnetic field configurations. The
concentration of the suspension is 12.82% (v/v), and
the diameters of superparamagnetic particles are
1.51 µm. The spinning rate is 2000 rpm.
volatile solvents when different magnetic fields are ap-
plied. They are compared with those obtained from the
experiment performed at zero-field.
The case of uniform (homogeneous) magnetic fields
(Hu and Hd) shows that the magnetorheological spin-
coating technique [24] is consistent, and also useful for
moderately concentrated superparamagnetic colloids. It
is possible then, to measure the CEH statically, and com-
pare it to the zero-field CEH to obtain the magnetovis-
cosity.
The case of non-uniform magnetic field configurations
(Hi and Ho) shows a decrease in the effective magneto-
viscosity when calculated through the colloidal deposits
(CEH). This happens because of the gradient of magnetic
field that induces magnetophoresis effect and, conse-
quently, enhances the hydrodynamical flows out of spin-
ning center. Thus, under non-uniform magnetic fields
the colloids flow as they were less viscous, although the
(true) magnetoviscosity is higher than the viscosity at
zero-field.
Furthermore, our results indicate that the two uniform
(Hu versus Hd) and the non-uniform (Hi versus Ho) mag-
netic field configurations lead to symmetric results in the
deposits, within the experimental error, as shown in Fig-
ures 6 and 7.
Although we have presented the main effect of external
inhomogeneous magnetic fields on the effective magneto-
viscosity of a magnetic colloid in spin-coating, further re-
search is required to identify the dynamics of the drying
suspension. Moreover, with the methods discussed here
more experiments have to be done to study effective mag-
netoviscosity in more concentrated suspensions at applied
non-uniform magnetic, which might be important for the
technological applications of superparamagnetic colloids.
ACKNOWLEDGMENTS
This work was supported by the Spanish AEI (Grant
n. FIS2014-54101-P).
[1] P. H. Walker and J. G. Thompson, P. Am. Soc. Test.
Mater. 22, 465 (1922).
[2] A. G. Emslie, F. T. Bonner, and L. G. Peck, J. Appl.
Phys. 29, 858 (1958).
[3] D. Meyerhofer, J. Appl. Phys. 49, 3993 (1978).
[4] T. J. Rehg and B. G. Higgins, AIChE J. 38, 489 (1992).
[5] D. Birnie III and M. Manley, Phys. Fluids 9, 870 (1997).
[6] A. Acrivos, M. J. Shah, and E. E. Petersen, J. Appl.
Phys 31, 963 (1960).
[7] S. Wahal, A. Oztekin, D. Bornside, R. Brown, P. Seidel,
P. Ackmann, and F. Geyling, Appl. Phys. Lett. 62, 2584
(1993).
[8] H. Furukawa, H. Tsutsui, K. Aoi, T. Watanabe, and
I. Nakamura, J. Phys.: Conference Series 14, 220 (2005).
[9] D. E. Bornside, C. W. Macosko, and L. E. Scriven, J.
Appl. Phys. 66, 5185 (1989).
[10] D. Hall, P. Underhill, and J. Torkelson, Polym. Eng. Sci.
38, 2039 (1998).
[11] N. Fraysse and G. M. Homsy, Phys. Fluids 6, 1491 (1994).
[12] T. Ohara, Y. Matsumoto, and H. Ohashi, Phys. Fluids
6A 1, 1949 (1989).
[13] A. Mihi, M. Ocan˜a, and H. Mı´guez, Adv. Mater. 18,
2244 (2006).
[14] N. Sahu, B. Parija, and S. Panigrahi, Indian Journal of
Physics 83, 493 (2009).
[15] Y. L. Wu, Control over colloidal crystallization by shear
and electric fields, Ph.D. thesis, Utrecht University
(2007).
[16] B. G. Higgins, Phys. Fluids 29, 3522 (1986).
[17] Y. Zhao and J. Marshall, Phys. Fluids 20, 043302 (2008).
[18] C. Arcos, K. Kumar, W. Gonza´lez-Vin˜as, R. Sirera,
K. M. Poduska, and A. Yethiraj, Phys. Rev. E 77,
050402(R) (2008).
[19] M. Giuliani, W. Gonza´lez-Vin˜as, K. M. Poduska, and
A. Yethiraj, J. Phys. Chem. Lett. 1, 1481 (2010).
[20] V. Cregan and S. O’Brien, J. Colloid Interf. Sci. 314, 324
(2007).
[21] V. Cregan and S. B. O’Brien, Applied Mathematics and
Computation 223, 76 (2013).
[22] M. Pichumani and W. Gonza´lez-Vin˜as, Magnetohydro-
dynamics 47, 191 (2011).
[23] A. P. Bartlett, M. Pichumani, M. Giuliani, W. Gonza´lez-
Vin˜as, and A. Yethiraj, Langmuir 28, 3067 (2012).
[24] M. Pichumani and W. Gonza´lez-Vin˜as, Soft Matter 9,
2506 (2013).
[25] R. Aslam, K. Shahrivar, J. de Vicente, and W. Gonza´lez-
Vin˜as, Smart Mater. Struct. 25, 075036 (2016).
[26] J. L. Neuringer and R. E. Rosensweig, The Physics of
Fluids 7, 1927 (1964).
[27] J. P. McTague, The Journal of Chemical Physics 51, 133
(1969).
[28] M. I. Shliomis, JETP 34, 1291 (1972).
[29] J. Faraudo, J. S. Andreu, and J. Camacho, Soft Matter
9, 6654 (2013).
[30] J. L. Corchero and A. Villaverde, Trends in biotechnology
27, 468 (2009).
[31] C. T. Yavuz, A. Prakash, J. Mayo, and V. L. Colvin,
Chemical Engineering Science 64, 2510 (2009).
[32] A. Darras, J. Fiscina, M. Pakpour, N. Vandewalle, and
G. Lumay, The European Physical Journal E 39, 1
(2016).
[33] E. Guth and R. Simha, Kolloid-Zeitschrift 74, 266 (1936).
[34] H. J. Scho¨pe, A. B. Fontecha, H. Ho¨nig, J. M. Hueso,
and R. Biehl, Langmuir 22, 1828 (2006).
[35] G. Voronoi, J. reine angew. Math. 134, 198 (1908).
[36] R. Aslam, Colloidal Phase Transition Dynamics,
Ph.D. thesis, University of Navarra, Pamplona (Spain)
(2016).
